Our study seeks to mimic the structure of natural enamel by adding nano and micro fillers to acrylic monomers. To determine the effects of filler type and size, glass fibers, silica microrods, TiO2 nanorods, TiO2 nanoparticles, and silica nanospheres were silanized and added to 50:50 BisGMA:TEGDMA matrix, respectively. The microstructure and the organization of the rods and fibers were characterized by SEM. Three-point bend tests were used to determine flexural strength, elastic modulus, and toughness. Vicker's microhardness and degree of curing were also measured. Because the composite is intended for use in the mouth, samples were characterized in the as-cured and water aged state. Aging did not lead to significant swelling but did affect mechanical properties. Toughness was enhanced by the addition of fibers or rods to the filler mix. The fibers and rods could be organized by centrifuging, settling and packing. Packing was the least effective approach.
Introduction
Human teeth have three layers. From the outside in they are enamel, dentin and the pulp, the living part of the tooth. Both enamel and dentin are hierarchically organized. Enamel, the outer layer, is composed of 90-92% crystalline hydroxyapatite (HA) needles, 1-2% protein and 4-6% water, while dentin has 25% water including water in tubules, 25% collagenous matrix reinforced with proteins and 50% HA needles [Seghi 2011 , Xue 2013 , Zheng 2013 . In enamel, individual HA crystallites (about 20-40nm by 40-60nm by 1600nm) coated with an organic peptide and protein layer self-organize into interlocking prismshaped HA rods [diameter 4-8µm) oriented with their heads towards the enamel surface. This makes the tooth surface hard, stiff, wear resistant and brittle. The curvy spiraling path of HA rods in the interod zone between HA prisms provides toughness. When bacteria attack the tooth, lesions are formed in the enamel and dentin that must be removed and filled to retain the integrity of the tooth. Ceramic filled polymer matrix composites have largely replaced Ag-Hg amalgam as the material of choice to fill these cavities due to aesthetics and concern about the Hg in amalgam. Posterior fillings (e.g. fillings in molars) are subject to much higher stresses than filling in the front of the month. This study focuses on developing composites that will meet the mechanical requirements of poster restorations.
The polymer matrix for dental composites is typically based on crosslinking dimethacrylates like 2,2-bis[4-(2-hydroxy-3-methacryloyloxypropyl) phenyl] propane (Bis-GMA) ethoxylated Bis-GMA(EBPDMA); 1,6-bis-[2-methacryloyloxyethoxycarbonylamino]-2,4,4-trimethylhexane (UDMA); dodecanediol dimethacrylate (D3MA) or triethyleneglycol dimethacrylate (TEGDMA) [Ferracane 1995] . When the composite is cured a three-dimensional network is formed by free radical polymerization of the matrix monomers. Polymer shrinkage depends on the monomer used. Polymer shrinkage is higher for low molecular weight monomers, but high molecular weight polymers are highly viscous. Thus, mixtures of different monomers are often used. While the polymer matrix plays a major role, the physical properties of a composite are strongly influenced by the filler material.
To achieve the required mechanical properties dental composites are highly filled, about 60 vol%, with ceramic particles. Current commercial composites have randomly distributed crystalline and glassy silicates with individual particles ranging from 10nm to about 1 µm in diameter [Dummond 2008] . Nanofiller particles are often intentionally agglomerated to enhance mixing, dispersion and solids loading [Bayne 2005 ]. The filler particles are typically bonded to the resin matrix with silanes to minimize swelling in the oral environment.
Clinical performance of these composites can be improved by enhancing mechanical properties, reducing polymer shrinkage (this reduces residual stresses and decreases the gap between the restoration and the tooth where bacteria could penetrate to cause decay), and increasing biocompatibility. The aim of this research is to improve the lifetime of posterior restorations by increasing the toughness and elastic modulus (to improve load transfer to the tooth) and reducing the polymer shrinkage of the composite by mimicking the microstructure of the enamel.
This study explores the effect of filler type, loading level and organization on the microstructure and mechanical properties of composites with a BisGMA: TEGDMA matrix. The reinforcements examined include glass fibers, silica microrods, TiO2 nanorods, TiO2 nanoparticles, and silica microparticles. All of the reinforcing fillers were functionalized with a silane. The glass fibers and TiO2 nanoparticles were commercial materials. The TiO2 nanorods and silica microrods and microparticles were synthesized using hydrothermal and solvothermal processes respectively.
Experimental Methods

Materials Used:
Resin Matrix: 50:50 w/w BisGMA (Esstech): TEGDMA (Sigma-Aldrich); Benzoyl peroxide (BPO) catalyst (Acros Organics) Commercial Fillers: 16×800 µm glass fibers (Fibre-Glast), 30 nm TiO2 rutile nanoparticles (US Research Nanomaterials); Chemicals: (to prepare TiO2 nanorods and Silica microrods and microparticles and silanize the fillers): Titanium isopropoxide (TTIP); oxalic acid; sodium hydroxide (NaOH) pellets; Anhydrous ethanol; n-pentanol; sodium citrate tribasic dehydrate (>99%); tetraethylorthosilicate (TEOS); polyvinylpyrrolidone (PVP, molecular weight 40 kgmol-1); ammonium hydroxide (28 wt%) and MPTMS (3-methacryloxypropyltrimethoxysilane) were purchased from Sigma-Aldrich. Deionized water (Millipore Milli-Q grade) with resistivity of 18.0 MΩ was used in all the experiments. All chemicals were used as received.
Processing: Synthesis of TiO2 nanorods:
The titania nanorods were prepared from titanium oxalate gels made from TTIP. The gels were aged in an autoclave to grow the rod precursors. After the autoclave treatment the titania was precipitated, washed and dried.
Synthesis of Silica Rods:
In a typical experiment, PVP (500 mg) was dissolved in n-pentanol (5 mL) in a 10 mL glass vial under sonication. Deionized water (140 µL), sodium citrate solution (0.18 M in water, 50 µL), anhydrous ethanol (475 µL), and ammonium hydroxide solution (28 wt%, 60 mg) were added to the glass vial and mixed (vortex stirrer) for 1 min. After the mixture was left standing for 5 min. to release the gas bubbles, TEOS (50 µL) was added and the solution was then gently shaken for 30 s. The reaction mixture was incubated at 25 °C for 24 h.
Cleaning of glass fibers:
A solution of ethanol and deionized H2O with 2:1 mole ratio was made. 1 v/v% glacial acetic acid was added to the solution. The glass fibers were added to the mixture and stirred overnight then washed twice with ethanol and 5 times with deionized H2O.
Silanization:
The filler materials were silanized using 4wt % MPTMS. The mixture was stirred in ethanol with 10% water and then washed with ethanol for 3 times.
Mixing:
TEGDMA was added to BisGMA to create a 50:50 w/w stock monomer mixture. The monomer was activated with 1wt% BPO. All the composites had a 50:50 w/w BisGMA:TEGDMA matrix.
To achieve high filler loading, ethanol was added to the resin matrix as a diluent. The filler was folded into the matrix in small batches. When mixing was complete, the diluent was allowed to evaporate for 24-48 hrs.
Three different glass fiber-titania nanoparticle composites were prepared by varying the fraction of glass fibers and TiO2 in the matrix. GfTi-01 had 33.3 wt% fiber and 38 wt% TiO2 to give 48% vol% filler. GfTi-02 had 35 wt% fiber and 38 wt% TiO2 to give 52.7 vol% filler, and GfTi-03 had 40 wt% fiber and 35 wt% TiO2 to give 53.5 vol% of filler.
The composite with silica rods was mixed with an excess of ethanol. Then, the containers were left in vertical position to sediment and the ethanol was evaporated under vacuum. It had 41 vol% (60 wt%) filler.
The TiO2 nanorod composite had about 85 vol% (94.5wt%) filler.
Molding/curing:
For the composites GfTi-01, GfTi-02, GfTi-03, the mixed composite was packed into bar molds (4x4x25mm for 3-pt bend tests) and cured overnight at 100°C. Composites with silica and TiO2 rods were mixed with enough ethanol to allow them to sediment. After sedimentation, the ethanol was evaporated under vacuum and the samples were cured overnight at 100°.
Aging:
Samples tested in the aged condition were aged in a 37⁰C water bath for at least seven days
Characterization:
Fourier transform infrared spectroscopy (FTIR): The degree of curing for the samples was calculated from the normalized intensity of the unsaturated bonds and the aromatic rings before and after curing.
Scanning Electron Microscopy (SEM):
SEM was used to observe the morphology of the microand nanorods synthesized. Cross sections of the cured composites were imaged to determine the short and long range ordering of the filler. A Hitachi SU-70 Schottky field emission gun SEM was used for all the studies.
Thermogravimetric analysis (TGA):
TGA was used to confirm the inorganic filler fraction in the cured composites. It was also used to confirm that materials were properly silanized.
3-point bend test:
Size A bend bars (roughly 3mm by 3 mm by 25 mm after polishing) were tested in three point bending to determine elastic modulus (E); flexural strength (FS); toughness (UT, area under stress-strain curve).
Polymerization shrinkage:
The amount of shrinkage after curing and aging are calculated using the equations % shrinkage = 100% (1 -Vbar /Vmold) and Swelling upon aging: 100%(VACVag)/VAC and 100%(tAC-tag)/tAC (AC= as cured; ag=aged)
Results and Discussion
FTIR:
In order to determine the degree of curing of the polymer, samples with the glass fibers and TiO2 were subjected to infrared spectroscopy before and after curing. The vibrational bands between 1635-1639 cm -1 and 1581-1582 cm -1 are mainly analyzed because these bonds correspond to C=C and aromatic group respectively [C. Di Giulio, 1984] . The intensity of the bands associated with the vibrational bands of C=C and aromatic group decreases indicating the disappearance of these functional groups as the three-dimensional matrix forms. Table 1 shows some representative degree of cure calculations. Note that the degree of cure decreased as the filler loading increased. 
SEM:
Silica rods:
The structural and morphological analysis of silica microrods at 10.0kv indicate the formation of unagglomerated rods with a good aspect ratio. Microstructural analysis of the composite indicates that the rods have long range organization when they are sedimented with or without the resin matrix ( Figure 1a) . Figure 1b shows that the silica rods are uniformly distributed. Similar results were observed when the microrods were ordered by centrifugation. The titania nanorod samples exhibited a similar microstructure to the silica microrod samples (see Figures 1c and 1d) .
The external and fracture surfaces of the glass fiber-titania nanoparticle composites containing glass fibers and titania nanoparticles were examined after fracture in the 3-point bend test. Figure  2a shows that porosity on the external surfaces was a problem that could limit performance. It indicates that experimental procedure needs to be modified to improve control of the evaporation of the diluent. Figures 2(b) and 2(c) show that the fiberglass fibers exhibited short range order and that the composite exhibited fiber pull-out and bridging consistent with the increased toughness (relative to nanoparticle only reinforced composites) observed in mechanical testing. Table 2 shows the swelling, water absorption and open porosity in the GF-TiO2 composites. Volume percent swelling was about 2%. Dental composites are used in an aqueous environment and swelling must be minimized to avoid producing a toothache in the patient. 
Effect of Aging:
(a) (b) (c) (a) (b) (c) (d)
Mechanical Properties:
The project is still in process so that a limited number of samples have been subjected to threepoint bend tests. The lack of clear trends in Figure 3 indicates that processing techniques still need to be optimized. However, Figure 3a indicates that elastic modulus may be adversely affected by aging. This indicates that the stability of the composites needs to be evaluated further. Further work to determine the effects of filler type and filler fraction on mechanical behavior is necessary. 
Conclusions
The preliminary data presented here indicates that adding organized anisotropic fillers to dental composites is promising with respect to increasing fracture toughness relative to composites with equi-axed fillers. The size of the anisotropic fillers affects the ability to produce long range order. It was not possible to produce long range order with the fiberglass fibers while sedimentation produced long range order in the composites with silica microrods and titania nanorods. Work is continuing and the mechanical properties of the micro-and nanorod composites will be reported in a future paper. Work is also continuing to optimize the experimental procedure. Diluent additions to the matrix monomers is necessary to achieve the filler loading required for dental applications and long range ordering of anisotropic fillers. However, the diluent must be removed slowly and carefully to avoid creating pores detrimental to mechanical performance. This indicates that for the composites under development, it might be desirable to shape the fillings by computeraided-machining than rather direct application of the neat composite by the dentist.
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